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BACKGROUND: Tributyltin (TBT) is a persistent and bioaccumulative environmental toxicant. Developmental exposure to TBT has been shown to
cause fatty liver disease (steatosis), as well as increased adiposity in many species, leading to its characterization as an obesogen.
OBJECTIVE:We aimed to determine the long-term effects of developmental TBT exposure on the liver.

METHODS: C57BL/6J mice were exposed to a dose of TBT (0:5 mg=kg body weight per day; 3:07 lM) below the current developmental no observed
adverse effect level (NOAEL) via drinking water, or drinking water alone, provided to the dam from preconception through lactation. Sires were
exposed during breeding and lactation. Pups from two parity cycles were included in this study. Animals were followed longitudinally, and livers of
offspring were analyzed by pathological evaluation, immunohistochemistry, immunoblotting, and RNA sequencing.
RESULTS: Developmental exposure to TBT led to increased adiposity and hepatic steatosis at 14 and 20 weeks of age and increased liver adenomas at
45 weeks of age in male offspring. Female offspring displayed increased adiposity as compared with males, but TBT did not lead to an increase in
fatty liver or tumor development in female offspring. Liver tumors in male mice were enriched in pathways and gene signatures associated with
human and rodent nonalcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC). This includes down-regulation of growth hormone
receptor (GHR) and of STAT5 signaling, which occurred in response to TBT exposure and preceded liver tumor development.

CONCLUSIONS: These data reveal a previously unappreciated ability of TBT to increase risk for liver tumorigenesis in mice in a sex-specific manner.
Taken together, these findings provide new insights into how early life environmental exposures contribute to liver disease in adulthood. https://doi.
org/10.1289/EHP5414

Introduction
Environmental exposures during development have emerged as a
significant risk factor for liver disease (Foulds et al. 2017). Some
of the clearest demonstrations of the impact of early life environ-
ment on risk for liver disease are studies on the Dutch Hunger
Winter and Great Chinese Famines, which have consistently
reported significant associations between early life starvation and
development of nonalcoholic fatty liver disease (NAFLD) in
adulthood (Sandboge et al. 2013; Chen et al. 2016; N Wang et al.
2016, 2017; Z Wang et al. 2017). Similarly, in rodent models, de-
velopmental exposures to chemicals such as the xenoestrogen
bisphenol A (BPA), polycyclic aromatic hydrocarbon benzo[a]
pyrene (B[a]P), perfluorooctane sulfonic acid (PFOS), phthalates
such as bis(2-ethylhexyl) phthalate (DEHP), and organotins such
as tributyltin (TBT) have been shown to promote hepatic steato-
sis and/or nonalcoholic steatohepatitis (NASH) (Lee et al. 2010;

Maranghi et al. 2010; Denison et al. 2011; Lv et al. 2013; Ortiz
et al. 2013; Foulds et al. 2017; Shimpi et al. 2017; Treviño and
Katz 2018).

Data linking early life exposures to endocrine disrupting com-
pounds to development of liver tumors in adulthood has been
reported in mice for BPA (Weinhouse et al. 2014) and arsenic
(Nohara et al. 2012). However, although development of NAFLD
in humans is an established risk factor for hepatocellular carci-
noma (HCC) (Foulds et al. 2017), in animal studies the linkage
between development of NAFLD and increased risk for liver
tumors is less well established. Thus, although the underlying eti-
ology of NAFLD and mechanisms linking this disease to
increased risk for liver tumorigenesis remain ill-defined, both
rodent models and human epidemiological studies clearly indi-
cate that environmental exposures early in life are important
determinants of risk for later-life development of liver disease
(Foulds et al. 2017; Treviño and Katz 2018). Consequently, addi-
tional studies are needed to obtain insights into the molecular
underpinnings and etiology of liver disease using model systems
in which early life exposures promote both NAFLD and liver
tumorigenesis.

TBT is an organotin with many industrial applications includ-
ing use in polyvinyl chloride (PVC) catalysts, broad-spectrum
biocides, agricultural fungicides, construction materials, wood
and textile preservatives, and antifouling agents for marine ves-
sels (Fent 1996; U.S. EPA 2003; Fromme et al. 2005; Kannan
et al. 2010). The major route of human TBT exposure is reported
to be via ingestion of contaminated water and food, specifically
seafood (Azenha and Vasconcelos 2002; Chien et al. 2002;
Antizar-Ladislao 2008; Airaksinen et al. 2010; Jadhav et al.
2011; Kucuksezgin et al. 2011; Filipkowska et al. 2016; Ashraf
et al. 2017). In the 1960s, widespread use of TBT as an anti-
fouling agent began, but after discovering detrimental effects
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on aquatic life including imposex in mollusks (Fent 1996;
Lima et al. 2015), TBT was banned by the International Marine
Organization in 2008 (Sonak 2009; Sonak et al. 2009). Despite
this ban, high levels of TBT continue to be detected in recreational
vessels around the Baltic sea (Lagerström et al. 2017), as well as
in aquatic life and fish in more recent years (Filipkowska et al.
2016; Ashraf et al. 2017). TBT has been shown to accumulate in
birds and marine mammals and is associated with reproductive
and metabolic dysfunction (Coenen et al. 1992; Dorneles et al.
2008). In addition to fatty liver disease, developmental exposure
to TBT has also been linked to the accumulation of fat in adi-
pose depots in mice (Grün et al. 2006), with increased weight
of adipose depots shown to be a result of both increased adi-
pose cell size and cell number (Chamorro-García et al. 2013).
These findings, as well as the ability of TBT to induce lipid
accumulation in cells and promote adipogenesis in murine 3T3-
L1 cell culture, have led to the characterization of TBT as a
prototypical obesogen (Kanayama et al. 2005; Grün et al. 2006;
Li et al. 2011).

The purpose of this study was to ascertain the long-term
effects of developmental exposure to TBT. We exposed male and
female mice throughout gestation and lactation to TBT or vehicle
(VEH) and assessed several parameters of liver health (including
gene expression) and adiposity over time. To our knowledge,
these data are the first to reveal that early life TBT exposure pro-
motes tumorigenesis in the male mouse liver and provide new
insights into how early life exposures impact the adult liver to
induce fatty liver and promote tumorigenesis.

Methods

Animal Exposures
Male (n=10) and female (n=10) C57BL/6J mice from the
Jackson Laboratory were housed in a controlled environment
with a 12-h light/dark cycle, at 68°C–72°C, and 30–70% relative
humidity, in a facility known to have Murine Norovirus (MNV)
and Pseudomonas sp. Mice arrived at 4 weeks of age and were
allowed to acclimate for 1 week before being randomly assigned
to their exposure groups. Breeding began 2 weeks after treatment
at 7 weeks of age. All animals received a phytoestrogen-free diet
(7% corn oil; Teklad/Envigo). Females (n=5) were exposed to
TBT chloride (TBT 96% purity; Sigma) in their drinking water
(made from animal facility water), whereas control females drank
animal facility water (n=5) beginning 2 weeks prior to breeding,
throughout gestation, and lactation. Animal facility water is car-
bon filtered, particulate filtered, and ultrafiltered, then rechlori-
nated to 1 ppm. Given that water bottles were situated on the top
of the cage, there is potential that older weanlings could access
the water. At the time of breeding, females were put into the
male’s cage and both sexes were then exposed to study water for
the duration of the experiment. After weaning, all pups were
given nontreated water for the duration of the study. Pups from
the VEH group were used to create additional mating pairs that
followed the same exposure paradigm. Animals averaged a body
weight (BW) of 20 g, and pregnant females became as large as
40 g during gestation. Females were bred to one male each in the
male’s cage, and the male was kept in the cage until litters were
weaned. Twelve litters were produced from the VEH-treated
dams and 15 litters were produced from the TBT-treated dams;
both VEH- and TBT-treated dams averaged two litters/dam (see
Excel Table S1). Pup weights were measured only on postnatal
Day 3 (PND3) in the first round of mating, which included five
litters from each treatment group. Pups were chosen at random
from each litter and assigned to each assay (see Excel Table S1).
Animals not assigned to an assay were kept in case additional

assays were warranted and euthanized at 45 weeks of age. If pups
were unassigned and euthanized at 45 weeks of age, their liver tu-
mor status was noted and included in the tumor data.

Preliminary water consumption surveys were conducted in non-
pregnant females to calculate the administered dose of TBT.
Consumption levels were found to spike immediately after birth at
the onset of lactation for a period of 3 d. Females were found to
drink 10 mL of water per day; therefore, they were given 200 mL
of 3:07 lM TBT each week (equivalent to 0:5 mg=kgBWper day)
in the drinking water provided by the animal facility in typical plas-
tic water bottles provided by the animal facility. This dose is below
the lowest dose in the current developmental no observed adverse
effect level (NOAEL) range of 5:8–20 mg=kg BW as per the
Concise International Chemical Assessment Documents (CICADs)
guidelines for developmental toxicity (Benson 1999). Offspring
were then maintained on the same phytoestrogen-free diet through-
out life in ventilated cages with 3–4 animals per cage, on corncob
bedding. Throughout the study, cages were changed twice per
week. Animals were weighed and inspected weekly to assess gen-
eral health and were euthanized if they lost 10% of their BW or
appeared to be in poor health. Animals were euthanized by carbon
dioxide (CO2) asphyxiation and cardiac puncture at 14, 20, or 45
weeks of age. Animal care was performed in accordance with
approved institutional guidelines (IACUC protocol AN-7189) and
complied with National Institutes of Health policy.

Histology
Upon study termination at 45 weeks [for male VEH-treated ani-
mals, n=19 (from 12 litters); for male TBT-treated animals,
n=15 (from 11 litters); for female VEH-treated animals, n=17
(from 11 litters), for female TBT-treated animals, n=11 (from 8
litters)], tissue from the left liver lobe was immediately fixed in
10% neutral buffered formalin for 24 h, then processed, embed-
ded in paraffin, sectioned (3 lm), and stained with hematoxylin
and eosin [MD Anderson Cancer Center Research Histology,
Pathology, and Imaging Core (RHPI)]. Slides were analyzed by a
pathologist (M.J.F.), who was blinded to treatment, and imaged
by the Digestive Diseases Core facility at Baylor College of
Medicine.

Oil Red O Staining
Previously reported data has shown that lipid accumulation in the
liver in response to developmental TBT exposure can occur as
early as 8 weeks of age (Chamorro-García et al. 2013). We there-
fore investigated lipid accumulation in our subset of mice eutha-
nized at 20 weeks of age to determine whether our mice also
developed steatosis. At euthanasia (20 weeks of age), a slice
from the left liver lobe was fixed in optimal cutting temperature
(OCT) compound and frozen on dry ice (for VEH-treated males,
n=6; for TBT-treated males, n=10; for VEH-treated females,
n=7; and for TBT-treated females, n=9). Blocks were then cry-
osectioned (10 lm) and stained with Oil Red O for 10 min (MD
Anderson Cancer Center RHPI). One slide per animal was imaged
using a Zeiss Axioscan.Z1 and quantitated by the Integrated
Microscopy Core at Baylor College of Medicine in MATLAB™
(version 9.4) using a custom-made algorithm. Briefly, pixelated
digital histologic images, which were originally stored in a red,
green, and blue format, were converted into a MATLAB™ color-
space format consisting of three separate color spectrums; gray,
blue, and red. Each pixel in the images was located on gray, blue,
and red spectrums by calculating the smallest Euclidian distance
between the pixel’s colorspace values and reference markers con-
sisting of pure gray, blue, and red. After locating each pixel within
one of three subregions corresponding with reference histologic
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material [i.e., nucleic material, (blue), lipid, (red), or vacant
background (gray)], blue pixels and red pixels were converted
to either pure blue or pure red in accordance with their predom-
inant color. This binary conversion allowed greater distinction
of lipid droplets from nucleic material for visual inspection.
The number and size of lipid droplets, as well as the number of
nuclei, were then measured for each liver tissue specimen (May
et al. 2018).

Immunohistochemistry
At 45 weeks of age, mice were euthanized and liver and adenoma
tissues were fixed in 10% neutral buffered formalin for 24 h, then
transferred to 70% ethanol, processed, and paraffin embedded.
Blocks were then sectioned at 4 lm, deparaffinized and subjected
to antigen retrieval. Sections were incubated with 3% hydrogen
peroxide, then incubated with Ki67, a cellular marker for prolifer-
ation [1:1,000, Abcam, ab15580, and VEH-exposed liver (V),
n=6; TBT-exposed liver (T), n=6; Adenoma (A), n=7], F4/80
(1:250, AbD Serotec, MCA497; seven adenomas were stained];
cytokeratin 19 (K19; 1:600, made in-house, and seven adenomas
were stained), alpha-fetoprotein (aFP, 1:200, Biocare CP028, and
seven adenomas were stained), and major urinary protein
(MUP1, 1:50, R&D Systems, MAB6560, and five adenomas
from TBT-treated males and five livers from VEH-treated males
were stained) antibodies by the Digestive Diseases Core, Cellular
and Molecular Morphology. The Ki67 antibody was detected by
incubation with biotinylated anti-rabbit secondary antibody
(Vector Laboratories; BA-1000) followed by horseradish per-
oxidase (Vector Laboratories; PK-6100). F4/80 was detected
by incubation with biotinylated anti-rat secondary antibody
(Vector Laboratories; BA-9400) followed by horseradish per-
oxidase (Vector Laboratories; PK-6100). MUP1 was detected
using Histomouse Max (Life Technologies; 879551). K19 and
aFP were detected using an IMPress anti-rabbit polymer
(Vector Laboratories; MP-7401). All stains were developed
using DAB (Biocare; DB801). Ki67-stained slides were imaged
using a Zeiss Axioscan.Z1 and quantitated by the Integrated
Microscopy Core at Baylor College of Medicine. Image analy-
sis (Image Pro 10; Media Cybernetics) was performed via auto-
mated channel splitting (R, G, and B) and filtering of the red (R)
channel for all nuclei and Ki67-positive cells on the blue (B) chan-
nel. Filters were applied to remove outliers: pixel area (5–300),
roundness 1.0–20. The total percent of Ki67-positive cells of the
total nuclei detected was calculated for tumor and liver samples
[defined by a pathologist (M.J.F.)] using the entire section.

Body Composition Analysis
Previous reports have shown that body composition in mice is
altered in response to developmental exposure to TBT as early as
19 weeks of age (Chamorro-Garcia et al. 2017). Magnetic reso-
nance imaging (MRI) of body fat depots in mice was performed at
20 weeks of age [VEH-treated females n=2 (from one litter), for
TBT-treated females n=4 (from two litters with two pups per lit-
ter), for VEH-treated males n=2, and for TBT-treated males
n=4] in the Small Animal MRI Core Facility at Texas Children’s
Hospital. Mice were anesthetized using isoflurane, placed in the
animal holder (Bruker; BioSpin) and imaged using 9.4T, Bruker
Avance BioSpec Spectrometer/AVIII with a 21-cm horizontal bore
(Bruker; BioSpin) and a 35-mm resonator. To delineate the distri-
bution of adipose tissue in the mice, a Dixon Fat Imaging sequence
was used with a repetition time ðTRÞ=800ms, echo time ðTEÞ=
12ms, slice thickness = 0:75 mm; number of slices = 24, field of
view= 3 cm, and 128× 128 matrix. Saturation slabs were also
incorporated. After acquisition, an in-house MATLAB™ code

was utilized to separate the water and fat images, and the fat
images were then quantified using Amira™ software (version
AllAmira6Beta 6.5; Thermo Scientific), 3D images and tissue sur-
face area values were exported and presented (Blesson et al. 2016).

Alanine and Aspartate Transaminase Activity
Whole blood was collected from animals [males displaying mac-
roscopic adenomas (A, n=7), VEH controls (V, n=7), and
TBT-treated males without any macroscopic adenomas (T,
n=5)] at the time of euthanasia (45 weeks of age) via cardiac
puncture, and plasma was isolated by centrifugation at 4°C for 10
min at 500× g after red blood cell lysis with EL Buffer (Qiagen,
Catalog No. 79217) and stored at −80�C until analysis. Alanine
and aspartate transaminase (ALT/AST) activity levels were ana-
lyzed in the plasma of 45-week-old animals using an alanine trans-
aminase activity assay (ab105134; Abcam) or an aspartate
transaminase activity assay (MAK055; Sigma) as per the manufac-
turer’s instructions. Briefly, plasma was diluted (1:5 for ALT and
1:10 for AST) and mixed with Reaction Mix, then read on the
BioTek EL808 plater reader (BioTek, Instruments) in a kinetic
fashion every 3 min for 60 min while incubating at 37°C. For anal-
ysis two time points (T) were chosen where all samples fell within
the standard curve. Pyruvate/glutamate levels were calculated from
a standard curve and activity (in nanomoles per minute per milliliter
or in milliunits per milliliter) was calculated as ðB=DT×VÞ×D
for ALT or ðB×DÞ=ðDT×VÞ for AST, where B=pyruvate=
glutamate ðnmolÞ, DT=T2−T1, V=volume of original sample,
and D=dilution factor. From this data, the ALT/AST ratio was
calculated.

RNA Sequencing Transcriptomics Analysis
At study termination (20 or 45 weeks of age) [VEH-treated 20-
weeks, n=6; TBT-treated 20-weeks, n=5; VEH-treated 45-
weeks, n=6 (from five litters); TBT-treated 45-weeks, n=12
(from nine litters) where seven animals displayed macroscopic
adenomas and five animals did not)], liver or adenoma tissue was
flash frozen in liquid nitrogen. RNA was isolated from 10 mg of
tissue (RNeasy; Qiagen, Catalog No. 74104) and treated with
DNase (Qiagen, Catalog No. 79254) as per the manufacturer’s
instructions. Quality was verified on the Bioanalyzer 2100
(Agilent, Catalog No. G2939BA) with RIN>9. Library prepara-
tion and RNA-seq (Stark et al. 2019) analysis was conducted by
the MD Anderson Science Park Next Generation Sequencing
Core facility using the Illumina TruSeq Stranded Total RNA
Protocol and the Hiseq 3000 SBS platform. Paired-end reads
were trimmed using TrimGalore and mapped using HISAT2
(Kim et al. 2015) to the UCSC mm10 genome build, then gene
expression data was quantified using featureCounts (Liao et al.
2014) and the GENCODE gene model (Harrow et al. 2012).
Differential expression (DE) analysis was conducted using
EdgeR (Robinson et al. 2010). Differentially expressed genes
were denoted as statistically significant for the false discovery
rate (FDR) adjusted p<0:05 with a fold change exceeding 2×
(i.e., ≥2 or≤0:5). We sequenced 34–50 million read pairs per
sample after trimming of low-quality base pairs.

Real-Time Polymerase Chain Reaction Analysis
RNA was isolated from liver tissue of 45-week-old animals
[VEH-treated, n=6 (from five litters); TBT-treated, n=12 (from
nine litters) where seven animals displayed macroscopic adeno-
mas and five animals did not)] (AllPrep DNA/RNA; Qiagen,
Catalog No. 80224), and 0:5 lg was reverse-transcribed using
SuperScript III (Invitrogen). Next cyclic DNA (cDNA) was
diluted 1:5 in nuclease-free water and amplified using Fast SYBR®
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Green Mix (Applied Biosystems; ABI) and primers (IDT DNA
Technologies) listed in Table 1. Real-time polymerase chain reac-
tion (RT-PCR) was conducted on the QuantStudio™ 7 Flex sys-
tem (ABI) and QuantStudio™ Real-Time PCR Software (version
1.2; ABI) using the two-step fast PCR protocol (initial denatura-
tion: 95°C for 20 s, followed by 40 cycles of 95°C for 1 s, 60°C
for 10 s; data was collected during the 60°C step). Relative values
were quantified using the DDCt using glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) as the housekeeping gene and VEH-
exposed samples as the reference group. Statistical differences
between two groups were calculated by analysis of difference
between medians (Mann-Whitney U-test).

Growth Hormone Response Gene Set Derivation
In order to determine differential gene expression downstream of
growth hormone receptor (GHR) signaling in murine livers, pub-
licly available data [GSE93382 (Connerney et al. 2017)] from
livers from control and growth hormone-treated mice were used
to generate a signature (see Excel Table S2). A similar mapping
and quantification approach as described above in the RNA
Sequencing Transcriptomics Analysis section was used; Edger
was used to assess differential genes, and significance was
achieved for FDR-adjusted p<0:05 and a fold change exceeding
2× . To identify direct STAT5 gene targets in mouse livers, we
utilized the STAT5 ChIP sequencing (ChIP-Seq) GSE31578
(Zhang et al. 2012) peak calls reported for male mice. The
STAT5 peaks were first converted from UCSC build mm9 to
UCSC build mm10 using the UCSC liftOver program; next,
STAT5 target genes were determined using the BEDTOOLS
(Quinlan and Hall 2010) software and the GENCODE gene
model. Specifically, a gene was considered a STAT5 target if a
STAT5 peak was found within 3 kb from the transcriptional start
site (TSS) of the gene. We overlapped the GHR gene signature
(from seven adenomas and either five TBT-exposed livers or six
VEH-exposed livers) and the STAT5 gene targets, considering
separately the GHR up-regulated gene targets and the GHR
down-regulated gene targets.

Gene Set Enrichment Analysis
Gene set enrichment analysis (GSEA) (Subramanian et al. 2005)
was conducted on the gene rank file derived for the TBT-exposed
livers or adenomas. We considered separately GHR up-regulated
genes, GHR down-regulated genes, GHR up-regulated genes
overlapping with STAT5 targets, and GHR down-regulated genes
overlapping with STAT5 targets. GSEA was run, performing
1,000 permutations to establish statistical significance. A gene set
was considered significantly enriched if it had an FDR-adjusted
q<0:05.

Overrepresentation Analysis
Overrepresentation analysis (ORA) was performed to detect enrich-
ment of gene sets corresponding to pathways and biological processes
or to publicly available gene signatureswithin theTBT transcriptomic
response. Following the Molecular Signature Database methodology
(MSigDB) (Subramanian et al. 2005), a hypergeometric test was used
to assess the enrichment, with significance achieved at FDR-adjusted
p<0:05. We performed gene enrichment against the HALLMARK
andKyoto Encyclopedia ofGenes andGenomes (KEGG) compendia
as compiled by the Molecular Signatures Database v6.2. We further
compiled publicly available NASH/NAFLD data sets curated using
the National Center for Technology Information Gene Expression
Omnibus (NCBIGEO) data sets GSE46300, GSE48452, GSE59930,
GSE83596, GSE89632, and The Cancer Genome Atlas (TCGA)
data. An additional HCC signature was derived using TCGA Liver
Hepatocellular Carcinoma (LIHC) samples. Significantly different
genes were determined using the Student’s t-test, as implemented in
R (R Development Core Team), with significance achieved for
p<0:05 and fold change exceeding 1:25× (i.e.,≥1:25 or≤0:8). All
human and rat gene signatures genes were converted to mouse gene
homologs using the Ensemble Biomart repository (Durinck et al.
2009). We performed the hypergeometric test against up- and down-
regulated genes from each NASH/NAFLD/HCC–derived gene sig-
nature, respectively. Significance was achieved at an FDR-adjusted
p<0:05.

Immunoblotting Analysis
Liver and tumor tissues from animals who were 45 weeks of age
(VEH-treated, n=6; TBT-treated liver, n=5; and adenoma tis-
sue from TBT-exposed males, n=7) were cryopulverized, cells
were lysed in radioimmunoprecipitation assay buffer and soni-
cated for 7–10 30-s cycles at 4°C (Bioruptor 300; Diagenode),
then protein was isolated by centrifugation at 4°C for 20 min at
13,000 rpm. Protein concentrations were assessed by bicincho-
ninic acid assay and 25 lg of total protein was analyzed by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis under
reducing conditions before transfer to a polyvinylidene fluoride
membrane. Membranes were blocked in Tris-buffered saline plus
0.1% Tween 20 (TBST)-5% milk and probed using antibodies
against GHR (1:1,000, Santa Cruz Biotechnology; sc-137,185),
or GAPDH (1:5,000, Santa Cruz Biotechnology; sc-25,778) over-
night at 4°C in TBST-5% milk. Secondary antibodies conjugated
to horseradish peroxidase were used at room temperature for 1 h
(Santa Cruz Biotechnology), Pierce ECL (Thermo Scientific),
Amersham ECL (GE Healthcare), and X-ray film exposure was
used to detect and visualize primary antibodies. Bands were
quantitated using ImageQuant TL software (version 7.0) and nor-
malized to the GAPDH protein level.

Table 1. Primers used.

Gene Forward Reverse

mGapdh CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA
mUbd TGACCTCTGTGATCCCTAAG GTGCAGTGTGTTGTCAGAAAG
mLy6d TCAGCCTGCTCACTGTTATG ACACTGACGACTAGAAGGGA
mPtgds TCCTGGACACTACACCTAC CTTGGTGCCTCTGCTGAATA
mCbr3 TTCCGATGTGACACACTTACC CCTGTCCGCTTTCCTCTTT
mCyp2a4 GAATGCTGGAGGAGAAGAAGAA ATGGACCTTGGCCTCAATATC
mSlc7a11 GTGGGAGGCTGGTAGTTAATG CTGCTGTACCGTGGTTATGT
mLrtm2 CCCTTGGGTGGATGTCATTAT GTGTGTGTGTGTGTGACTTTG
mKrt20 CCTACCAGAACCTGGAGATAGA CTCAAGCCGGGTCTTTATGT
mMup1 GAGATGAAGAGTGCTCGGAATTA AAATCTGGTTCTCGGCCATAG
mMup12 GCATACTATTATCCTGGCCTCTG CCGAGCACTCTTCATCTCTTAC
mMup16 GGCATACTATTATCCTGGCTTCT CGGAGCACTCTTCATCTCTTAC
mMup11 GCATACTATTATCCTGGCCTCTG CCGAGCACTCTTCATCTCTTAC
mMup7 CTATTATCCTGGCCTCTGACAAG CGGAGCACTCTTCATCTCTTAC
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Figure 1. Body weight, white adipose tissue weight, adipose magnetic resonance imaging (MRI), and liver lipid of male and female mice developmentally
exposed to tributyltin or vehicle. (A) Female mice were fed a phytoestrogen-free diet and treated with tributyltin (TBT) in their drinking water beginning 2
weeks prior to breeding lasting through gestation and lactation. Offspring were then weaned at 3 weeks of age and fed the same phytoestrogen-free diet until
euthanasia at 14, 20, or 45 weeks of age. (B) Body weights, white adipose tissue depot [either inguinal (iWAT) or scapular (scWAT)], and brown adipose tis-
sue (BAT) wet weights in 14-week-old animals developmentally exposed to TBT or VEH are displayed; VEH-treated females, n=4 (from two litters with two
pups per litter); VEH-treated males, n=3 (from two litters); TBT-treated females, n=3 (from two litters); TBT-treated males, n=4 (from two litters, two pups
per litter). (C) Representative full-body MRI scans are presented on the left and quantitation of surface area is presented on the right for 20-week-old animals:
for VEH-treated females, n=2 (from one litter); for TBT-treated females, n=4 (from two litters with two pups per litter); for VEH-treated males, n=2; and
for TBT-treated males, n=4. (D) Macroscopic images of liver tissue at 20 weeks, and Oil Red O stained, left liver lobes are presented on the left with quantita-
tion of Oil Red O staining on the right, n=6 for VEH-treated males, n=10 for TBT-treated males, n=7 for VEH-treated females, and n=9 for TBT-treated
females. Scale bars: 100 lm. In all graphs, VEH bars are hatched and TBT bars are solid, all bars represent the mean± standard error of the mean (SEM) and
t-tests were performed to ascertain significance (*p<0:05). Excel Table S1 details information on n and litter. Note: ORO, Oil Red O.
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Statistical Analysis
For comparisons between two groups (VEH males vs. TBT-
exposed males or VEH females vs. TBT-exposed females), we
used a Student’s t-test for analyzing tissue weights, fat imaging,
and Oil Red O staining or a Mann-Whitney U-test for analyzing
quantitative PCR (qPCR) data. For three-way comparisons, a
one-way analysis of variance (ANOVA) with a Tukey’s Multiple
Comparisons Test was used (ALT, AST, and Ki67 analyses).
Gapdh was used as a normalization control for both qPCR and
immunoblotting, and importantly, no differences were found
between treatment groups in either GAPDH protein or mRNA
level (see Figure S1). When analyzing contingency tables (tumor
incidence) a chi-square test was utilized without Yates correction.
Males and females were never directly compared to each other
but, rather, each treatment group was compared to its respective
control. Significance is always reported as p<0:05, and tests
were conducted in GraphPad Prism Software (version 8.0.0).

Data Set Availability
All RNA-seq data were submitted to the NCBI Gene Expression
Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) made pub-
licly available upon manuscript acceptance. The accession number
is GSE143304.

Results

Measurements of NAFLD in Male Mice Developmentally
Exposed to TBT
Dams were exposed to TBT (0:5 mg=kgBWper day) in drinking
water or drinking water alone prior to breeding and during gesta-
tion through lactation, while consuming a phytoestrogen-free diet
(Figure 1A). At necropsy, and throughout the study, dams and
sires did not present with any signs of adverse health effects. No
difference was noted in any measured parameter between pups
from the first and second litters from the same TBT-exposed
dams (see Figure S2). Although litter sizes were not standardized
in this study, it is not thought that either group had better access
to milk because the average number of pups in either treatment
group was six (see Excel Table S1), with the average pup/
litter weight of 1:44±0:11=9:8 g in the VEH-treated dams and
1:41± 0:24=8:5 g in the TBT-treated dams. No significant differ-
ence in litter size or pup weight was observed between VEH- and
TBT-exposed groups. Offspring were then weaned onto a
phytoestrogen-free diet and followed longitudinally until 45
weeks of age. Body weight of offspring at 14 weeks, as well as
across the life course, was unchanged between VEH- and TBT-
exposed animals (Figure 1B; Figure S3). However, consistent
with previous data on the obesogenic effects of this compound
(Grün et al. 2006; Chamorro-García et al. 2013), MRI measure-
ment of whole-body adiposity confirmed both male and female
TBT-exposed offspring had more body fat than VEH controls
(Figure 1C). In contrast, only male TBT-exposed offspring
exhibited an increase in white adipose tissue accumulation in the
inguinal and scapular subcutaneous depots at 14 weeks of age
(Figure 1B), with the size of these fat depots 1:5× and 2:5× that
of vehicle controls, respectively. White adipose tissue was dis-
sected away from brown adipose tissue collected from the scapu-
lar region at necropsy and both were weighed. Brown adipose
tissue wet weight is shown in Figure 1B. MRI measures any adi-
pose tissue present in the trunk of the animal, including visceral
fat; suggesting that females gained adiposity in the visceral fat
depots without much increase in the subcutaneous depots,
whereas males gained adiposity in both depots. TBT exposure
also exacerbated development of fatty liver in male offspring as

assessed by hematoxylin and eosin and Oil Red O staining. As
shown in Figure 1D, TBT livers presented with mixed macrove-
sicular and microvesicular steatosis. Quantitation of Oil Red O
staining confirmed that lipid accumulation was more than twice
that of VEH controls in TBT-exposed male offspring. TBT-
induced development of steatosis was confirmed across multiple
litters in two separate breeding cohorts of mice. Although at
baseline, age-matched control female offspring had roughly four
times more lipid in their livers compared with control male mice,
no increase was observed in response to TBT exposure in female
livers (Figure 1D).

Characterization of Tumors in Male Offspring
Developmentally Exposed to TBT
Full necropsies were conducted at 45 weeks of age when multiple
large nodules were visible macroscopically (Figure 2A) through-
out the liver in 46.7% (7/15 animals) of TBT-treated male off-
spring. This percentage was a significant increase compared with
VEH-exposed male offspring (5.3%, 1/19 animals) (Table 2; chi-
square p<0:01). A detailed list of tumor incidence, including the
number of animals included from each litter, is presented in
Excel Table S3 and remained significantly different from vehicle
controls when using the litter, rather than individual, as the N
(Table 2). However, no significant increase in liver tumor inci-
dence was seen in female TBT-exposed offspring (9.1%, 1/11
animals), as compared with VEH-control females (5.9%, 1/17
animals). Thus, the absolute amount of neutral lipid in the liver
(because female mice had notably more Oil Red O staining than
their male counterparts; Figure 1D) did not correlate with devel-
opment of liver tumors. We also assayed clinically relevant liver
damage markers (AST and AST) to test whether TBT treatment
increased damage. Although the individual ALT activity, AST
activity, or ALT/AST activity ratio was not significantly different
between VEH- (labeled V) and TBT-exposed male offspring that
did not develop tumors (labeled T), as expected, the ALT, AST,
and ALT/AST ratio was significantly increased in the plasma of
TBT-exposed offspring presenting with liver tumors (labeled A
for adenoma) (Figure 2C; Figure S4).

Histological examination was performed by a pathologist
(M.J.F.) on the macroscopic liver nodules, which were character-
ized as having clear demarcations compressing adjacent hepato-
cytes (Figure 2A). Nodules lacked normal lobular architecture
but, instead, exhibited severe architectural distortion and dis-
played hepatocellular dysplasia. Cellular atypia was present with
pleomorphic nuclei ranging from large irregular shapes to coarsely
condensed chromatin. As shown in Figure 2A, nodules were highly
proliferative, as evidenced byKi67 staining, with an average of 70%
of all nuclei positive for Ki67. This value is significantly higher than
VEH-treated liver tissue (13%) or TBT-treated liver tissue from ani-
mals that did not develop macroscopic tumors (10%). Nodules were
negative for bile ducts, demonstrated by lack of staining inside the
tumors (labeled A) of the marker K19, and they displayed variable
levels of aFP, a marker for HCC, and F4/80, a macrophage marker
(Figure 2B). However, both aFP and F4/80 were higher in areas of
uninvolved liver surrounding nodules (labeled L) than in the nod-
ules themselves (labeled A). Representative images of the tumor
margins (depicted by a dotted line) are presented to demonstrate the
difference between staining within the nodules (labeled A) and in
the surrounding liver tissue (labeled L). Liver sections in the regions
outside of nodules also demonstrated striking architectural distor-
tion, showing many irregularly situated small cytologically normal
bile ducts that stained with K19 (Figure 2B). All control staining
can be found in Figure 2D. Based on these observations and current
guidelines (Thoolen et al. 2010), TBT-induced liver tumors were
diagnosed as hepatic adenomas. After inspection of the nodule that
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Figure 2. Histology of tributyltin (TBT)-treated liver adenomas in male mice. (A) At 45 weeks of age, liver adenomas were observed in many lobes of the liver
in male mice. One vehicle (VEH)-exposed liver and two representative tumors are displayed with hematoxylin and eosin and Ki67 immunohistochemistry
staining (left panels). The right panel shows a quantitation of Ki67 immunostaining [VEH-exposed liver (V), hatched bar, n=6; TBT-exposed liver (T), n=6;
Adenoma (A), n=7]. Bars represent mean± standard error of themean (SEM). ***p<0:001 by one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test. (B) Alpha-feto protein (aFP), F4/80, and cytokeratin 19 (K19) immunostaining are shown for two representative tumors from male mice. A
dotted line represents the tumor margin and an A marks the tumor area, and an L marks the surrounding liver area. Arrows in the K19-stained sections point to
ducts. (C) Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity levels (mU/mL) were detected in plasma from males displaying mac-
roscopic adenomas (A, n=7), vehicle controls (V, hatched bar, n=7), and TBT-treated males without any macroscopic adenomas (T, n=5). The ALT/AST ra-
tio is presented. Bars represent the mean±SEM and one-way ANOVA with Tukey’s multiple comparisons test were performed to ascertain significance.
*p<0:05; **p<0:01. (D) Lung and liver tissues were used as positive and negative controls. Slides were imaged on a Nikon Ci-L microscope. Scale bars:
100 lm.
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developed in a single male VEH-exposed animal, it was determined
that this was also categorized as an adenoma but with a very differ-
ent pathology that included a high amount of lipid droplets and a
higher degree of differentiation (see Figure S5) that distinguished it
from the TBT-induced tumors.

Expression Profiling of TBT-Induced Tumors
Transcriptomic analysis using RNA-seq was performed on TBT-
induced adenomas, and these data were compared with RNA-seq
data from livers of age-matched offspring (either VEH- or TBT-
exposed) to identify genes differentially expressed between tu-
mor and liver (Figure 3 shows adenoma vs. TBT-exposed age-
matched liver; Figure S6 shows adenoma vs. VEH-exposed
age-matched liver). Genes whose expression was significantly
altered were identified with an FDR-adjusted p<0:05 and an
absolute fold change exceeding 2×. Hierarchical clustering of
differentially expressed genes clustered tumors separately from
TBT-exposed livers from animals that did not develop tumors
(Figure 3A) as well as from VEH-exposed liver tissue (see
Figure S6A). Similarly, principal component analysis (PCA) also
revealed a clear separation of tumors from age-matched TBT-
exposed livers (Figure 3B) or VEH-exposed livers (see Figure
S6B), with PC1 separating the two groups and explaining over
70% of the overall variance in either comparison. The top 60 dif-
ferentially expressed genes overexpressed in adenomas compared
with TBT-exposed livers are shown in Table 3, and the 60 most
repressed in adenomas are shown in Table 4 (the full list is pre-
sented in Excel Table S4). Altered expression of 8 genes com-
prising the top 2% of the significantly increased genes [murine
ubiquitin D (mUbd), murine lymphocyte antigen 6 family mem-
ber D (mLy6d), murine prostaglandin D2 synthase (mPtgds), mu-
rine carbonyl reductase 3 (mCbr3), murine cytochrome p450
family 2 subfamily a member 4 (mCyp2a4), murine solute carrier
family 7 member 11 (mSlc7a11), murine keratin 20 (mKrt20),
murine leucine rich repeats and transmembrane domains 2
(mLrtm2)], as well as 5 significantly decreased genes [murine
major urinary protein 1 (mMup1), murine major urinary protein
16 (mMup16), murine major urinary protein 11 (mMup11), mu-
rine major urinary protein 12 (mMup12), murine major urinary
protein 7 (mMup7)] were confirmed by RT-qPCR (Figure 3C,D;
see also Figure S6C,D and the full list of genes presented in
Excel Tables S4 and S5). Hallmark and KEGG pathway enrich-
ment and Ingenuity Pathway Analysis (IPA) of the genes differ-
entially expressed in tumors compared with TBT-exposed liver
tissue (see Figure S7; Excel Tables S8, S9, and S10) or VEH-
exposed liver tissue (see Figure S7; Excel Tables S8, S9, and
S10) revealed that several pathways involved in cancer were
enriched in adenomas (e.g., epithelial–mesenchymal transition,
and cancer) as well as immune regulatory pathways [e.g., tumor
necrosis factor-alpha (TNFa) signaling via nuclear factor kappa
beta (NFjB)] (see Excel Tables S8, S9, and S10). The differential
gene expression signature highly overlapped between the two

adenoma analyses (94% of the adenoma over TBT-exposed liver,
and 81% of the adenoma over VEH-exposed liver overlap; Figure
4B). To understand TBT-induced changes that preceded adenoma
development, we also examined livers from VEH- and TBT-
exposed offspring at 20 weeks of age prior to tumor development.
At 20 weeks of age, TBT exposure increased expression of 189
genes in the liver and decreased expression of 67 genes (Figure
4A; Excel Table S7). Interestingly, at 45 weeks, livers of offspring
that did not present with adenomas were markedly more similar to
age-matched VEH-exposed livers than adenomas seen at that age.
This was evidenced by a much less robust change in gene expres-
sion, with only 26 genes differentially expressed [12 genes
increased by TBT exposure and 14 genes decreased (Figure 4A;
Excel Table S6)]. As shown in Figure 4A, PCA analysis showed
little separation between livers of TBT-exposed animals that did
not develop tumors and age-matched VEH-exposed livers.
Together, these data suggest the interesting possibility that tumor
development was not stochastic but, rather, a result in heterogene-
ity (and differences in susceptibility) within the population of
TBT-exposed offspring. At 20 weeks of age, 108 of the 189 (57%)
genes increased by TBT exposure were also increased in the
adenomas (compared with either TBT- or VEH-exposed liver),
whereas only 7 of the 67 (10%) genes decreased by TBT exposure
are shared with the adenoma signature (Figure 4B). Only 7 of these
genes exhibited altered expression at 20 weeks (i.e., were poten-
tially directly induced by TBT), and 2 of those were perturbed in
opposite directions (noted in Excel Table S6).

To understand the linkage(s) between tumor etiology in this
model and well-characterized sequela for liver disease, we per-
formed an ORA, following the MSigDB methodology, to ask if
genes known to be involved in NASH/NAFLD/HCC in both
human and mouse studies were enriched in adenomas of TBT-
exposed animals or in TBT-exposed liver tissue prior to adenoma
development. As shown in Figure 5, we found that a significant
percentage of genes differentially expressed in TBT-induced
adenomas compared with TBT-exposed or VEH-exposed liver
tissue have been previously linked to steatosis, NASH, NAFLD,
and/or HCC: these genes are listed in Excel Table S11.
Interestingly, even in TBT-exposed liver tissue from 20-week-
old animals, we observed an enrichment for expression of genes
linked to liver disease, including tumorigenesis (Figure 5; Excel
Table S11).

mRNA Expression of Members of the GHR/STAT5
Signaling Pathway in Male Mice Developmentally Exposed
to TBT
The a2u-globulin mouse urinary proteins (Mups), members of
the lipocalin gene family, are encoded by a contiguous gene clus-
ter on mouse chromosome 4. These secreted proteins play a key
role in chemical communication between animals and can trigger
several types of behavioral responses (Zhou and Rui 2010).
Interestingly, 5 of the 10 most repressed genes in TBT-induced
adenomas were Mups 1, 7, 15, 12, and 16, and many more were
included in the most reduced gene list (Table 4; Figure 3; Figure
S6). Decreased Mup gene expression in adenomas resulted in
decreased MUP protein expression, as confirmed via immunohis-
tochemistry using an antibody specific for MUP1 (Figure 6A).

In the rodent liver, Mup gene transcription is regulated by
GHR signaling, which when activated results in phosphorylation
and activation of the STAT5 transcription factor (Herrington et al.
2000; Clodfelter et al. 2006; Waxman and O’Connor 2006).
Reduction in Mup gene expression has been linked to decreased
GHR signaling, and Mup genes have previously been reported to
be down-regulated during murine hepatocellular carcinogenesis
(Arellanes-Robledo et al. 2010). We found that GHR protein

Table 2. Tumor incidence at 45 weeks.

Sex Treatment Ratio Percent Litter Birth cohort Tumors per litter

Male VEH 1/19 5.3 12 3 1/12
TBT 7/15 46.7** 11 3 6/11*

Female VEH 1/17 5.9 11 3 1/11
TBT 1/11 9.1 8 2 1/8

Note: For source data please see Excel Table S3. Birth cohort, breeding round from
which pups were born; litter, the number of litters from which the total mice were
drawn; ratio, number of tumor bearing mice per total mice; TBT, tributyltin; tumors per
litter, number of tumor bearing mice from distinct litters bearing at least one tumor;
VEH, vehicle. **p<0:01 and *p<0:05 by chi-square analysis comparing VEH- and
TBT-exposed groups (sexes are compared separately).
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Figure 3. Differential gene expression in tributyltin (TBT)-exposed adenomas vs. TBT-exposed liver samples. (A) Hierarchical clustering of RNA-seq from
male mice [liver tissue from TBT-treated animals who did not develop macroscopic adenomas (T), n=5, and adenoma tissue from TBT-treated animals (A),
n=7] using differentially expressed genes (false discovery rate (FDR)-adjusted p<0:05 with a fold change exceeding 2× ). (B) Principal component analysis
of tumor and liver tissue from TBT-treated animals RNA-seq data. (C) Quantitative PCR validation of eight genes spanning the top 2% of differentially
expressed genes identified in the RNA-seq analysis in panel A. (D) Quantitative PCR validation of the five most repressed major urinary protein (Mup) genes
as identified in the RNA-seq analysis in panel A. In panels C and D, a T depicts TBT-exposed liver samples, and an A depicts TBT-exposed adenoma samples,
the median± interquartile (IQ)1–IQ3 are presented, and Mann-Whitney U-tests were performed to ascertain significance. *p<0:05; **p<0:01. In all panels,
circles depict TBT-exposed liver samples, and squares depict TBT-exposed adenoma samples. Excel Table S1 details information on n and litter. Note: A, ade-
noma; PC, principal component; T, TBT-treated males without any macroscopic adenomas.
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expression was significantly reduced in TBT-induced liver adeno-
mas compared with VEH-exposed liver (Figure 6B). Importantly,
GHR expression was also significantly lower in TBT-exposed liver
relative to VEH-exposed liver (Figure 6B), indicating that de-
creased GHR expression was a result of TBT-exposure rather than
a consequence of pathophysiological changes associated with tu-
mor development.

To evaluate perturbations in GHR signaling during tumori-
genesis, we analyzed the transcriptional output of the GHR path-
way in our gene expression data. We derived a growth hormone
response gene signature by identifying differentially expressed
genes in publicly available RNA-seq data sets of liver tissue from
hypophysectomized male mice treated with growth hormone
(GSE93382; Excel Table S2), which comprised 174 genes (105
that increased and 69 that decreased in response to growth

Table 3. Top 60 overexpressed genes in adenomas over tributyltin (TBT)-
exposed liver.

Gene Log2 FC p-Value FDR

Lrtm2 8.14767385 1.13 × 10–163 7.89× 10–161

Eps8l3 7.94943879 4.58 × 10–46 3.59× 10–44

Krt20 7.94331082 1.38 × 10–47 1.13× 10–45

Lipn 7.61854187 1.36 × 10–23 3.72× 10–22

Ucp1 7.52788071 2.94 × 10–23 7.89× 10–22

Aqp7 7.16928422 1.09 × 10–50 9.67× 10–49

Slc22a12 7.12755524 4.73 × 10–32 2.09× 10–30

Tekt5 7.11858539 4.72 × 10–51 4.28× 10–49

Spink1 6.95740777 6.69 × 10–159 4.44× 10–156

Timp4 6.86601984 5.61 × 10–72 8.97× 10–70

Gpx2 6.76584208 2.59 × 10–102 7.60× 10–100

Tinag 6.75629973 4.14 × 10–57 4.50× 10–55

Syt14 6.70121494 1.49 × 10–57 1.63× 10–55

Slc7a11 6.60590914 1.48 × 10–213 2.34× 10–210

Cfap44 6.54600864 9.36 × 10–25 2.73× 10–23

Ly6d 6.40078593 6.93 × 10–238 2.92× 10–234

Gipc2 6.37716822 2.05 × 10–82 4.10× 10–80

Styk1 6.33958465 3.85 × 10–92 8.37× 10–90

Muc13 6.3259154 3.23 × 10–29 1.22× 10–27

Inava 6.32579732 1.34 × 10–43 9.80× 10–42

Ptprh 6.30939473 4.57 × 10–22 1.14× 10–20

Gsta1 6.27773653 1.33 × 10–211 1.87× 10–208

Scn2a 6.26264244 5.39 × 10–63 6.94× 10–61

Sult2a2 6.22351682 6.89 × 10–22 1.69× 10–20

Tceal5 6.14755118 4.08 × 10–27 1.37× 10–25

Bex4 6.14297967 8.10 × 10–32 3.53× 10–30

Baiap2l2 6.08915845 2.22 × 10–26 7.19× 10–25

Cacna1b 6.06910411 9.06 × 10–31 3.75× 10–29

Ubd 6.05288612 5.61 × 10–236 1.42× 10–232

Cyp2a4 6.0409971 9.62 × 10–221 1.73× 10–217

Gm3776 6.01597208 1.30 × 10–95 3.09× 10–93

Cyp2b10 6.00147324 5.28 × 10–64 6.94× 10–62

Tmem238l 5.99439035 5.56 × 10–30 2.20× 10–28

Ptgds 5.97524932 6.29 × 10–209 7.94× 10–206

Gpnmb 5.97450643 2.74 × 10–174 2.16× 10–171

Insyn1 5.96205742 6.96 × 10–72 1.10× 10–69

Tubb2b 5.95064059 3.80 × 10–29 1.42× 10–27

Elovl7 5.77754343 2.41 × 10–133 1.08× 10–130

Shc2 5.75636285 8.43 × 10–153 4.84× 10–150

Inpp5j 5.69560793 4.57 × 10–26 1.47× 10–24

Slc1a1 5.66421111 1.96 × 10–39 1.22× 10–37

Rasal1 5.62461717 1.10 × 10–96 2.78× 10–94

Cyp2d12 5.58927876 2.97 × 10–122 1.10× 10–119

Tmprss4 5.51581358 2.04 × 10–94 4.69× 10–92

Sdcbp2 5.45750251 7.75 × 10–50 6.80× 10–48

Amn 5.42274723 4.65 × 10–35 2.37× 10–33

Rbm24 5.42153442 1.62 × 10–41 1.10× 10–39

Cbr3 5.41783779 6.46 × 10–183 5.82× 10–180

Cdc25c 5.39838395 1.44 × 10–25 4.36× 10–24

Spire2 5.35072302 6.64 × 10–44 4.96× 10–42

Diaph3 5.34680061 7.27 × 10–79 1.29× 10–76

Wfdc3 5.27003694 1.43 × 10–53 1.40× 10–51

Dnah1 5.24576415 6.69 × 10–69 1.02× 10–66

Ly6c1 5.22654812 6.56 × 10–34 3.18× 10–32

Fbn2 5.20291611 9.42 × 10–35 4.72× 10–33

Myo7b 5.1861662 3.74 × 10–45 2.88× 10–43

Wfdc16 5.1642053 8.51 × 10–17 1.54× 10–15

Erich4 5.09937802 1.48 × 10–14 2.27× 10–13

Aplnr 5.06456889 3.79 × 10–26 1.22× 10–24

Apela 5.05908948 3.64 × 10–26 1.18× 10–24

Note: FC, fold change; FDR, false discovery rate.

Table 4. Top 60 repressed genes in adenoma over tributyltin (TBT)-exposed
liver.

Gene Log2 FC p-Value FDR

Mup15 −6:3647173 1.59 × 10–233 3.34× 10–230

Mup7 −6:1286928 1.03 × 10–237 3.25× 10–234

Mup16 −5:8841535 1.64 × 10–202 1.72× 10–199

Hsd3b5 −5:7583877 7.04 × 10–285 8.89× 10–281

Hhip −5:5272288 1.99 × 10–65 2.70× 10–63

Mup12 −5:3928615 6.16 × 10–205 7.06× 10–202

Moxd1 −5:2551522 4.80 × 10–249 3.03× 10–245

Irx1 −5:1461704 2.11 × 10–31 8.99× 10–30

Mup1 −4:9368333 4.26 × 10–155 2.69× 10–152

Cd163 −4:9153158 1.82 × 10–146 9.56× 10–144

Mup11 −4:8184598 3.51 × 10–195 3.41× 10–192

Mup2 −4:6915831 1.25 × 10–164 9.26× 10–162

Susd4 −4:6277177 1.33 × 10–180 1.12× 10–177

Cxcl13 −4:2267926 2.14 × 10–28 7.76× 10–27

Timd4 −4:2053948 3.86 × 10–51 3.56× 10–49

Slc8a3 −4:1429909 9.15 × 10–22 2.23× 10–20

Slco1a1 −4:1398436 1.07 × 10–144 5.42× 10–142

Dmrta1 −3:9518423 1.58 × 10–26 5.16× 10–25

Mup17 −3:9474899 3.04 × 10–131 1.32× 10–128

Marco −3:9148102 5.13 × 10–84 1.04× 10–81

Mup14 −3:8142638 8.18 × 10–128 3.33× 10–125

Mup3 −3:6619488 4.73 × 10–102 1.36× 10–99

Mup22 −3:6305633 5.57 × 10–28 1.96× 10–26

Mup18 −3:4681616 5.59 × 10–72 8.97× 10–70

Mup8 −3:4365391 6.56 × 10–68 9.62× 10–66

Acpp −3:3693048 2.51 × 10–97 6.45× 10–95

Cyp2c37 −3:2276066 1.48 × 10–117 5.21× 10–115

Dct −3:2211636 5.89 × 10–39 3.56× 10–37

Mup13 −3:2002775 4.87 × 10–111 1.54× 10–108

Mup9 −3:0882395 3.46 × 10–101 9.30× 10–99

Cyp2c50 −3:0391381 1.86 × 10–88 3.91× 10–86

Cyp2c54 −3:0311539 5.34 × 10–104 1.64× 10–101

Jph1 −2:9821181 1.31 × 10–19 2.76× 10–18

Cyp46a1 −2:9728895 1.73 × 10–24 4.96× 10–23

Sult2a8 −2:9650295 6.72 × 10–80 1.27× 10–77

Tex12 −2:9136525 1.77 × 10–15 2.90× 10–14

Pnpla5 −2:8997286 1.26 × 10–16 2.24× 10–15

Zfp982 −2:8812612 4.75 × 10–30 1.89× 10–28

Cnmd −2:841437 5.73 × 10–22 1.42× 10–20

Ric3 −2:704894 6.92 × 10–18 1.32× 10–16

Srms −2:6253603 5.85 × 10–16 9.94× 10–15

Nxpe2 −2:5855013 6.06 × 10–77 1.06× 10–74

Mup19 −2:5591576 4.14 × 10–14 6.08× 10–13

Slc17a8 −2:5463794 1.18 × 10–66 1.64× 10–64

Gbp2b −2:5409951 1.05 × 10–20 2.43× 10–19

Capn8 −2:5114928 2.23 × 10–20 5.00× 10–19

Ripply1 −2:4809942 1.53 × 10–11 1.80× 10–10

Dbp −2:4681469 2.23 × 10–56 2.39× 10–54

Cyp8b1 −2:4381308 1.95 × 10–56 2.11× 10–54

Sult5a1 −2:4306179 6.16 × 10–22 1.52× 10–20

Colec10 −2:4214832 3.25 × 10–67 4.62× 10–65

Trhde −2:3907336 3.14 × 10–24 8.91× 10–23

Cyp2c29 −2:3568574 8.65 × 10–53 8.33× 10–51

Mup21 −2:3314481 5.36 × 10–59 6.15× 10–57

Onecut1 −2:2847921 9.82 × 10–43 6.96× 10–41

Efna3 −2:282326 9.01 × 10–12 1.08× 10–10

Mup10 −2:2520635 1.01 × 10–59 1.20× 10–57

E2f8 −2:247567 1.33 × 10–33 6.25× 10–32

Gna14 −2:2458348 6.29 × 10–20 1.36× 10–18

Cadm4 −2:2040219 8.93 × 10–24 2.47× 10–22

Note: FC, fold change; FDR, false discovery rate.
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Figure 4. Differential gene expression in tributyltin (TBT)-exposed liver samples and overlap with adenoma signatures. (A) Upper, hierarchical clustering of
RNA-seq data from liver samples from 20- and 45-week-old male mice using differentially expressed genes [false discovery rate (FDR) adjusted p<0:05 with
a fold change exceeding 2× ]. Lower, principal component analysis of RNA-seq data at each time point. Triangles represent vehicle (VEH)-exposed liver
samples, and circles represent TBT-exposed liver samples. (B) Venn diagrams of overlapping genes in all four gene expression signatures (up-regulated–
left, down-regulated–right). A ðpinkÞ=Adenoma (n=7) over TBT-exposed liver (n=5); B ðblueÞ=Adenoma (n=7) over VEH-exposed liver (n=6);
C ðyellowÞ=TBT-exposed liver (n=5) over VEH-exposed liver (n=6) at 20 weeks; and D ðgreenÞ=TBT-exposed liver (n=5) over VEH-exposed liver
(n=6). See Excel Table S1 for detail information on n and litter.
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hormone) (see Excel Table S12, column C). We then conducted a
GSEA using this growth hormone-response signature and found
a significant inverse enrichment of growth hormone-responsive
genes in the genes altered in TBT-induced adenomas compared

with either TBT-exposed or VEH-exposed liver tissue at 45
weeks of age (Figure 6C) consistent with decreased GHR signal-
ing in TBT-induced adenomas. The genes that are differentially
expressed in the TBT adenoma signature and overlap with the

Figure 5. Overrepresentation analysis (ORA) using publicly available mouse and human liver disease data sets. An ORA was conducted using the genes differ-
entially expressed in the tumors from TBT-exposed males with publicly available mouse and human RNA-seq data sets in distinct liver disease states
(GSE14520, LIHC TCGA, GSE48452, GSE83596, GSE59930). ORA for (A) 45 week adenoma over TBT liver, (B) 45 week adenoma over VEH liver, and
(C) 20 week TBT liver over VEH liver. Significant enrichment was detected in all data sets. Closed bars represent all overlapping genes in log2 scale, whereas
open bars and gray bars represent the subset of all genes that are also present in the growth hormone receptor (GHR) signature. Note: HCC, hepatocellular car-
cinoma; LIHC, liver hepatocellular carcinoma; NASH, nonalcoholic steatohepatitis.
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Figure 6. Expression of members of the growth hormone receptor (GHR)/STAT5 signaling pathway in male mice developmentally exposed to tributyltin. (A)
Representative images of immunohistochemical staining of major urinary protein 1 (MUP1) protein in vehicle (VEH)-treated liver and adenomas from tributyl-
tin (TBT)-treated 45-week-old male mice (n=5; scale bars:100 lm). (B) Immunoblot analysis of growth hormone receptor (GHR) protein levels in liver tis-
sue from VEH- (n=6) and TBT-exposed (n=5) males and adenoma tissue from TBT-exposed males (n=7) at 45 weeks of age (left panels) with
quantitation of the immunoblots (right panels). GHR level was normalized to GAPDH protein level in each lysate. Ponceau stain is displayed beneath each
blot. Bars represent the mean± standard error of themean ðSEMÞ. *p<0:05, **p<0:01, ***p<0:001 by t-test. (C) Gene Set Enrichment Analysis (GSEA)
based on the transcriptomic footprint of TBT-induced adenomas vs. TBT- or VEH-exposed age-matched liver at 45 weeks using a publicly available GHR
gene signature (GSE93382), either for all up-regulated genes (left) or the up-regulated genes that are also direct STAT5 targets (identified by STAT5
ChIP-Seq GSE31578, right). The 20-week transcriptome of male liver tissue was also analyzed for both up-regulated and down-regulated GHR genes
(bottom panels). Significance was achieved at an FDR-adjusted q<0:05 Note: A, adenoma; T, TBT-treated males without any macroscopic adenomas;
V, hatched, VEH-exposed liver.
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GHR gene signature, thus contributing to this enrichment, are
shown in Figure S8 and Excel Table S13. Because GHR is
known to signal through the transcription factor STAT5, we also
tested for possible overlap between this signature and publicly
available STAT5 ChIP-seq data in the murine liver treated with
growth hormone. This analysis yielded a similar result (Figure 6C),
and STAT5 targets are annotated in Figure S8, confirming that
the TBT-induced decrease in GHR expression is consistent with
a defect in GHR-mediated downstream STAT5 signaling. The
negative Normalized Enrichment Score (NES) we observed from
these analyses (−2:45 to −3:10, q<0:0001) indicates that GHR
up-regulated genes, under additional STAT5 regulation or not,
were down-regulated in the TBT-treated adenomas. At 20 weeks
of age, we observed a negative NES in up-regulated GHR genes
[(−2:90, q<0:0001) and a positive NES in down-regulated GHR
genes (1.60, q<0:0001), consistent with decreased GHR signal-
ing occurring in TBT-exposed livers prior to tumor development
(Figure 6C, bottom panel)].

Discussion
We report here that early life TBT exposure promoted fatty liver
and development of liver adenomas in male offspring. Tumor de-
velopment in this setting was preceded by decreased expression
of GHR and STAT5 signaling, which in tumors resulted in
down-regulation of GHR target genes such as the Mup genes.
Developmental or prenatal exposure to TBT was previously shown
to promote fatty liver in mice (Chamorro-García et al. 2013), and
this finding was reproduced in male mice in our study. The sex
bias toward males we observed in this study is consistent with the
human NAFLD etiology, where males are four times more likely
to develop this disease than females (Hoenerhoff et al. 2011). The
TBT-induced adenoma phenotype is even more striking given that
development of adenomas in the liver at 45 weeks is uncommon in
mouse models in any strain or sex (Maronpot 2009), and to the
best of our knowledge, developmental TBT exposure has not pre-
viously been reported to promote liver tumorigenesis.

A notable strength of our study is that it is the first to report
the very long-term effect of developmental exposure to TBT lead-
ing to adenoma formation in the liver. In addition, we assessed
both sexes, enabling us to discover that this is a sex-specific phe-
nomenon. Although exciting, there were some limitations to this
study, including an evaluation comparing adenomas to adjacent
liver tissue from the same animal. This assessment would better
describe alterations occurring in the liver prior to tumor develop-
ment that are possibly contributory and will be addressed in
future experiments. In some experiments, we did not have
enough animals to conduct a thorough statistical evaluation, par-
tially due to including more than one animal per litter, potentially
losing the ability to properly control for dam/litter effects. These
preliminary findings call for additional confirmatory experiments
in the future.

In TBT-induced adenomas, Mup expression was dramatically
repressed compared with livers from TBT- or VEH-exposed ani-
mals. Although MUPs are known to be excreted into the urine
and bind and stabilize pheromones for communication between
animals, this does not preclude them from being involved in other
physiological functions, and MUP1, one of the most repressed of
the major urinary proteins in our study, has been shown to be
involved in several metabolic processes in mice (Hui et al. 2009;
Zhou et al. 2009; Zhou and Rui 2010). TheMup genes are known
to be regulated by the GHR/STAT5 pathway (Clodfelter et al.
2006; Waxman and O’Connor 2006), and decreased Mup expres-
sion in the TBT-induced adenomas is entirely consistent with
reduced GHR protein and signaling observed in the tumors.
Interestingly, in human studies GHR has been previously reported

to be down-regulated in HCC. In an integrative analysis of gene
expression alterations in seven data sets that included 135 HCC
samples and 110 control liver samples, GHR was identified to be
down-regulated in HCC compared with healthy liver controls
(Choi et al. 2004). Another study evaluated GHR protein expres-
sion across a spectrum of liver diseases in 36 diseased patients and
9 healthy controls (Vespasiani Gentilucci et al. 2006). GHR pro-
tein expression in the cytoplasm decreased with liver disease
progression, whereas GHR protein expression in the nuclear
compartment increased with increasing stages of liver disease.
GHR protein expression in HCC patients did not differ from
levels in healthy control patients in either cellular compartment,
although the study included only five patients with HCC
(Vespasiani Gentilucci et al. 2006).

Multiple studies in rodent models have shown that exposure
to TBT during development can promote obesity and fatty liver
disease later in life (Grün and Blumberg 2006; Grün et al. 2006;
Grün and Blumberg 2009a, 2009b; Janesick and Blumberg 2011,
2012, 2016; Heindel et al. 2017). Our data reveal a new conse-
quence of early life TBT exposure: promotion of tumorigenesis
in a sex-dependent manner. In addition, our data adds to the
accumulating knowledge of sex bias in response to early life
environmental exposures. Sex bias in liver pathology has been
seen in other rodent models of developmental exposures to en-
docrine disruptors (Maranghi et al. 2010; Strakovsky et al.
2015). However, the basis for this bias, or the sex-specific pro-
motion of liver tumorigenesis we observed in response to TBT,
is unknown. Regardless, the data presented here adds to the
accumulating knowledge about how early life exposures impact
target tissues such as the liver by identifying genes and signal-
ing pathways that become dysregulated in adulthood as a result
of early life TBT exposure. Furthermore, our demonstration
that TBT can promote liver tumorigenesis and provides a new
model system for studying how environmental exposures may
contribute to the increase in liver disease that is currently paral-
leling the obesity epidemic worldwide.
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